Amyloid deposition is present in 20 -50% of nondemented older adults yet the functional consequences remain unclear. The current study found that amyloid accumulation is correlated with functional disruption of the default network as measured by intrinsic activity correlations. Clinically normal participants (n ϭ 38, aged 60 -88 years) were characterized using 11 C-labeled Pittsburgh Compound B positron emission tomography imaging to estimate fibrillar amyloid burden and, separately, underwent functional magnetic resonance imaging (fMRI). The integrity of the default network was estimated by correlating rest-state fMRI time courses extracted from a priori regions including the posterior cingulate, lateral parietal, and medial prefrontal cortices. Clinically normal participants with high amyloid burden displayed significantly reduced functional correlations within the default network relative to participants with low amyloid burden. These reductions were also observed when amyloid burden was treated as a continuous, rather than a dichotomous, measure and when controlling for age and structural atrophy. Whole-brain analyses initiated by seeding the posterior cingulate cortex, a region of high amyloid burden in Alzheimer's disease, revealed significant disruption in the default network including functional disconnection of the hippocampal formation.
Introduction
Amyloid-␤ plaques and phosphorylated tau tangles are the hallmark neuropathology markers of Alzheimer's disease (AD). Recently developed molecular imaging techniques allow measurement of fibrillar amyloid deposition in vivo (Klunk et al., 2004; Klunk and Mathis, 2008) . Amyloid burden detected by positron emission tomography (PET) imaging with 11 C-labeled Pittsburgh Compound B (PiB) differs in extent and pattern in patients with clinically diagnosed AD relative to normal controls and to other dementias Rabinovici et al., 2007; Gomperts et al., 2008) , and corresponds to dementia severity (Grimmer et al., 2008) (but see Engler et al., 2006) and to regional amyloid-␤ levels confirmed at postmortem (Bacskai et al., 2007; Ikonomovic et al., 2008) .
Consistent with neuropathological observations, amyloid imaging confirms that a large proportion (20 -50%) of clinically normal older adults exhibit substantial amyloid burden (Buckner et al., 2005; Mintun et al., 2006; Johnson et al., 2007; Pike et al., 2007; Rowe et al., 2007; Aizenstein et al., 2008; Fripp et al., 2008; Jack et al., 2009; Reiman et al., 2009) . Because, by definition, clinically normal participants do not exhibit dementia symptoms, the functional consequences of elevated amyloid burden in this population are unclear (Johnson, 2006) .
Although several studies of nondemented older adults have failed to detect relations between amyloid burden and memory function or clinical symptoms (Jack et al., 2008 (Jack et al., 2009 Mormino et al., 2009) , others have observed relations between amyloid burden and memory performance or brain volume in nondemented individuals Fotenos et al., 2008; Dickerson et al., 2009; Mormino et al., 2009 ). Here, we explored whether amyloid burden in clinically normal older adults is associated with functional disruption detected using sensitive measures of cortical network integrity.
The network targeted for exploration was the default network, an interacting set of brain regions that contribute to autobiographical memory and high-level cognition involving planning and internal mentation Buckner et al., 2008) . Anatomically, the default network is comprised of heteromodal association areas that interact with each other and with the medial temporal lobe memory system (Greicius et al., 2003 (Greicius et al., , 2004 Vincent et al., 2006; Buckner et al., 2008 Buckner et al., , 2009 ). Amyloid deposition measured by PiB-PET preferentially accumulates in cortical regions linked to the default network (Klunk et al., 2004; Buckner et al., 2005) and these cortical regions show metabolism reduction, functional disruption, and atrophy in early stages of clinically diagnosed AD and mild cognitive impairment (MCI) (Reiman et al., 1996; Minoshima et al., 1997; Herholz et al., 2002; Scahill et al., 2002; Lustig et al., 2003; Thompson et al., 2003; Greicius et al., 2004; Rombouts et al., 2005; Celone et al., 2006; Sorg et al., 2007; Pihlajamäki et al., 2008) . Here we used functional connectivity magnetic resonance imaging (fcMRI) (Biswal et al., 1995) to measure the integrity of the default network in clinically normal older adults with significant amyloid deposition.
Materials and Methods
Participants. Participants were 38 (58% female) community-dwelling clinically normal older adults, aged 60 -88 years (mean age ϭ 73.1 years). Participants were excluded if they showed any signs of dementia including MCI. Specifically, participants were excluded if they received a Clinical Dementia Rating (CDR) of very mild (CDR 0.5) or higher, scored Ͻ27 on the Mini-Mental State Examination (MMSE), had been previously diagnosed with a neurological or psychiatric condition, had a history of head trauma, were taking Ͼ2 blood pressure medications, or presented with any condition that would pose a safety risk for MRI. All participants had normal or corrected to normal vision and were righthanded. Participants provided informed consent in accordance with protocols approved by the Partners Healthcare Inc. Institutional Review Board. Portions of the clinical information and amyloid imaging data used to classify the participants' level of amyloid burden have been used previously . Participants in the present study were enrolled separately from that of Sperling et al. (2009) but because of recruitment from the same general pool, a small number of subjects were found to have volunteered for both studies (n ϭ 7). None of the fMRI data and functional connectivity analyses has been previously reported.
Demographic and neuropsychological measures. Participants were characterized on a number of commonly used demographic and neuropsychological instruments. Socioeconomic status (SES) was measured with the Hollingshead SES scale, which separately ranks an individual's educational and occupational attainment on scales of 1-7. A weighted score is then computed by multiplying the educational score by 4 and the occupational score by 7 and summing the two scores (Hollingshead, 1957) . Lower scores indicate higher SES. Participants were asked to report the number of prescription medications they are currently taking and any chronic health conditions for which they have a current diagnosis. They were administered the American version of the National Adult Reading Test (AMNART) (Grober and Sliwinski, 1991; Ryan and Paolo, 1992) , which was used to estimate full-scale IQ. Participants completed the Rey Auditory-Verbal Learning Test (RAVLT) (Schmidt, 1996) using a 30 min delayed interval (score indicates number of items recalled), two measures of speed of processing (for both, score indicates the number of items completed in 45 s)-pattern matching and number matching (Salthouse, 1996) , verbal fluency using the letters F, A, and S (FAS; score indicates the average number of items generated) (Spreen and Benton, 1977) , the Letter-Number Sequencing subtest of working memory from the WAIS-III (score indicates the maximum number of items correctly held and reordered in memory) (Wechsler, 2002) , and the Geriatric Depression Scale (GDS) (Yesavage et al., 1983) .
Amyloid imaging acquisition. Amyloid burden was measured with N-methyl-[
11 C]-2-(4-methylaminophenyl)-6-hydroxybenzothiazole (Pittsburgh Compound B; PiB), which binds to fibrillar amyloid (Klunk et al., 2004) . Images were acquired on a Siemens/CTI ECAT PET HRϩ scanner. A catheter placed in the antecubital vein was used for radiotracer delivery, and a transmission scan was obtained to correct for attenuation. 11 C-PiB (8 -15 mCi) was injected as a bolus, followed by a 60 min dynamic PET scan in three-dimensional (3-D) mode (63 image planes, 15.2 cm axial field of view, 5.6 mm transaxial resolution and 2.4 mm slice interval; 69 frames: 12 ϫ 15 s, 57 ϫ 60 s).
Amyloid imaging analysis. The dynamic PET images were reconstructed with scatter correction using commercially available routines for 3-D PET data and a ramp filter (resolution of ϳ5.5-6 mm full-width half-maximum; after 3-D Gaussian filter, final resolution of ϳ8.5 mm). Using the high-resolution anatomical MRI images described below, the PET images were aligned to the MRI volume using cross-modal registration maximizing of intensity gradients, taking into account relative gradient orientation. Motion correction was performed using cross-modal alignment to accommodate changes in tissue activity distributed over the scan. Normalization of the PET images was performed in SPM2 using the initial activity images summed across 0 -10 min following injection. The distribution volume ratio (DVR) was used based on the Logan graphical analysis technique (Logan et al., 1990 ) that has been fully validated for PiB imaging . Time-activity curves were measured in each brain region under analysis [region of interest (ROI) or voxel] and in a reference region in cerebellar cortex known to contain low levels of fibrillar amyloid. This approach has been applied to numerous PiB studies (Fagan et al., 2006; Lopresti et al., 2005; Price et al., 2005; and yields data that are similar to arterial blood input methods .
Each individual's mean image was examined and an index of PiB presence in cortical regions was calculated using the dynamic data via Logan graphical modeling within a large aggregate cortical ROI consisting of frontal, lateral parietal and lateral temporal, and retrosplenial cortices (the FLR region). PiB uptake in the FLR region is substantial in patients with diagnosed AD (Raji et al., 2008) and has been used as a summary measure of PiB uptake in previous studies Gomperts et al., 2008) . In the current sample of 38 clinically normal older adults, PiB DVR values in the FLR were nearly perfectly correlated with global PiB uptake (r ϭ 0.99) and with ROIs located in the precuneus (r ϭ 0.94), posterior cingulate (r ϭ 0.94), and frontal cortices (r ϭ 0.97), supporting the use of FLR as an aggregate measure. FLR DVR was not significantly correlated with age in the current sample (r ϭ 0.15, p ϭ 0.36).
On the basis of observed PiB DVR values in the FLR region, participants were classified into two groups: 21 PiB positive (PiBϩ) individuals, who displayed extensive increased PiB uptake (defined as greater than FLR DVR Ն1.15), and 17 PiB negative (PiBϪ) individuals, who displayed insubstantial PiB uptake (FLR DVR Ͻ1.15). This PiB cutoff value was selected a priori to be comparable to prior reports Gomperts et al., 2008) and to ensure that individuals classified as PiBϪ were well outside the range of PiB values observed in AD patients (Fig. 1) . In addition to group analyses, PiB uptake (defined as FLR DVR) was treated as a continuous variable for critical analyses to ensure that the selection of a cutoff value did not dictate the results. As the results reveal, the critical significant effects were present both when the a priori cutoff was used and when PiB uptake was treated as a continuous variable.
Functional MRI data acquisition. Participants underwent functional MRI on a Siemens TrioTIM 3.0 Tesla scanner equipped with a 12-channel phased-array whole-head coil. Visual stimuli were generated using an Apple PowerBook G4 running Psychtoolbox (Brainard, 1997; Pelli, 1997) within Matlab (MathWorks) and projected onto a screen positioned at the head of the magnet bore and reflected onto a mirror affixed to the head coil. Head motion was restrained with a foam pillow and extendable padded head clamps. Earplugs were used to attenuate scanner noise. High-resolution 3D T1-weighted magnetization prepared rapid acquisition gradient echo (MP-RAGE) anatomical images were collected with the following parameters: repetition time (TR) ϭ 2300 ms, echo time (TE) ϭ 2.98 ms, flip angle (FA) ϭ 9°, 1 ϫ 1 ϫ 1.2 mm voxels. Functional data were acquired using a gradient-echo echo-planar pulse sequence sensitive to blood oxygenation level-dependent (BOLD) contrast (Kwong et al., 1992; Ogawa et al., 1992) using the following parameters: TR ϭ 2500 ms, TE ϭ 30 ms, FA ϭ 88°, 3.03 ϫ 3.03 ϫ 3 mm voxels. Thirty-nine transverse slices aligned to the AC-PC plane covered the whole brain. Functional images were acquired during two runs of 124 time points to minimize participant fatigue. In prior optimization studies (Van Dijk et al., 2008), we did not find a difference in power between a continuous single long run (12 min duration) and multiple, separate shorter runs (two 6 min runs). During each run, participants were pre-sented a constant visual stimulus (a centrally presented cross-hair) and were instructed to keep their eyes open and fixate on the cross-hair.
Functional MRI data analysis. fMRI data analysis computed correlations between regions within the default network as a measure of network integrity. Preprocessing of the functional images was conducted using a set of steps common to most functional imaging studies. The first four volumes of each run were discarded to allow for T1-equilibration effects and the two acquired runs were concatenated. Concatenation across runs or short epochs has been shown to result in similar correlation estimates to continuously acquired data (Fair et al., 2007; Van Dijk et al., 2008) . Slice acquisition dependent time shifts were corrected per volume (SPM2, Wellcome Department of Cognitive Neurology, London, UK). Then, rigid body translation and rotation were used to correct for head motion (Jenkinson et al., 2002) [Functional Magnetic Resonance Imaging of the Brain (FMRIB), Oxford, UK] and atlas registration was achieved by computing affine transforms connecting the first volume of the functional run (Jenkinson and Smith, 2001 ) (FMRIB, Oxford, UK), with a T2 EPI template in the Montreal Neurological Institute (MNI) atlas space (Evans et al., 1993) . Motion correction and atlas transformation parameters were applied in a single step in which all data were resampled to 2 mm isotropic voxels. Data were spatially smoothed using a 6 mm full-width half-maximum (FWHM) Gaussian kernel.
Next, a series of preprocessing steps were performed specific to analysis of functional correlations between regions (Fox et al., 2005; Vincent et al., 2006) . Temporal filtering removed constant offsets and linear trends over each run while retaining frequencies Ͻ0.08 Hz and the mean signal intensity over the run was removed. Several sources of physiological, spurious or regionally nonspecific variance were removed by regression of nuisance variables including (1) six parameters obtained by rigid body head motion correction, (2) the signal averaged over the wholebrain, (3) the signal averaged over the lateral ventricles, and (4) the signal averaged over a region centered in the deep cerebral white matter. Temporally shifted versions of these waveforms were also removed by including the first temporal derivatives (computed by backward differences) in the linear model. Regression of each of these signals was performed simultaneously and the residual volumes were retained. Regression of the whole-brain signal controls, in part, for physiological influences such as cardiac and respiratory noise that are assumed to operate similarly across all regions in the brain (Macey et al., 2004; Wise et al., 2004; Van Dijk et al., 2008 ). However, it remains possible that physiological influences have some effect on correlations between residual regional BOLD responses (Birn et al., 2006) , although there is no current evidence that such physiological differences are associated with presence or absence of amyloid in the brain. In addition, we explored the data further to determine whether anatomic differences existed between PiBϪ and PiBϩ participants in regions used to correct for cardiac and respiratory physiological variation. The lateral ventricle and the cerebral white matter regions were visually inspected in each participant to ensure central placement in the target regions. An average of 8% of gray matter voxels were identified as being included in the ventricle regions, and within the putative white matter regions an average of 4% of voxels were identified as gray matter. No difference in the proportion of gray matter voxels included in the ventricle or white matter regions was observed between PiBϪ and PiBϩ groups, F (2,35) ϭ 0.09, p ϭ 0.91. Entering individual estimates of gray matter included in these regions as nuisance covariates did not substantially alter the results of any analyses.
Hypothesis-driven analyses. To quantify network disruption, correlation strengths between a priori regions were computed by extracting the mean time course from all voxels included within each ROI. These ROIs were defined from an independent data set consisting of 48 participants [58% female, mean (M) age ϭ 22.3, SD ϭ 3.0]. A correlation map was first computed using an initiating seed region with a 4 mm radius in the posterior cingulate cortex (PCC) (MNI coordinate: 0, Ϫ53, 26) based on a previous study (Andrews-Hanna et al., 2007) and motivated by extensive analyses of the topography of the default network . The PCC plays a central role in the default network Fransson and Marrelec, 2008; Greicius et al., 2009 ). The resulting correlation map was used to identify peak voxels of well established nodes of the default network in this independent dataset: medial prefrontal cortex (MPFC) (0, 52, Ϫ6) and lateral parietal cortex (LPC) (Ϫ48, Ϫ62, 36; 46, Ϫ62, 32). ROIs with a 4 mm radius were defined around each peak.
In the current dataset, the mean time course was extracted from all voxels within each of these a priori ROIs, and all pairs of correlations between ROI time courses were calculated. In the case of bilateral regions (e.g., LPC), the mean time course was extracted from all voxels combined across the left-and right-lateralized ROIs. Pearson's correlation coefficient was computed between the time courses from each pair of ROIs and normalized using the Fisher's r-to-z transformation (Zar, 1996) . The average z-transformed correlation across all ROI pairs was computed for use as a single metric of the functional integrity of the default network. In addition, individual z-transformed correlations between pairs of ROIs are reported. Note that our a priori hypotheses did not include regions within the hippocampal formation. Although extensive analyses have revealed regions within the medial temporal lobe that are linked to the default network, they have been more difficult to detect (e.g., see discussion in Greicius et al., 2003; 2004) and show increased variance (Andrews-Hanna et al., 2007) . For these reasons, our a priori hypotheses targeted those cortical regions within the default network that overlap the distribution of amyloid deposition measured with PiB (e.g., Klunk et al., 2004; Buckner et al., 2005) and have shown the most stable measurement properties. As revealed by the results of the exploratory analyses, including regions within the hippocampal formation does not qualitatively change the results and exploratory whole-brain maps reveal effects of amyloid deposition across the entirety of the default network including the hippocampal formation.
To examine the specificity of the observed effects, we identified control regions in the left and right motor (Ϫ36, Ϫ25, 57; 36, Ϫ25, 57) and visual cortices (Ϫ19, Ϫ98, Ϫ3; 19, Ϫ98, Ϫ3). These regions were chosen on the basis of strong functional correlation across hemispheres, as observed in previous studies (Andrews-Hanna et al., 2007; Witt et al., 2008) .
To examine the potential influence of partial volume effects and structural atrophy on group differences in functional correlation strengths, we used the voxel-based morphometric segmentation algorithm implemented in SPM2 (Ashburner and Friston, 2000) to segment gray matter, white matter, and cerebral-spinal (CSF) fluid. We then extracted the relative proportion of gray, white, and CSF within each ROI used in the functional correlation analyses, averaged across all voxels within the ROI. The proportion of gray matter was used as a covariate in specified analyses. Additional analyses entering proportion of white matter, CSF, or combined gray and white matter as covariates found results that were qualitatively and quantitatively similar to those reported for gray matter only.
Exploratory analyses. The above analyses quantified functional correlations among a set of a priori cortical regions within the default network allowing for an unbiased, hypothesis-driven test of whether amyloid deposition disrupts functional integrity. In addition to our hypothesisdriven analyses, we conducted a further set of exploratory analyses that investigated the effect of amyloid deposition across all regions of the brain. Maps of functional correlations were obtained by computing the correlation between the mean signal time course from voxels within the PCC and the time courses of all voxels across the brain using Pearson's product moment correlation (similar to methods described by Fox et al., 2005; Vincent et al., 2006) . The PCC seed region was taken from a previous study (Andrews-Hanna et al., 2007; MNI coordinate: 0, Ϫ53, 26) . Correlation maps were converted to z-maps using Fisher's r-to-z transformation (Zar, 1996) . Maps from each participant were entered into a second-level random effects group analysis, using SPM2, to identify voxels that demonstrate significant differences in PCC correlation between the PiBϩ and PiBϪ participants. Group-level maps were thresholded at a family-wise error corrected value of p Ͻ 0.05, achieved by applying a voxel-level statistical threshold of p Ͻ 0.005 in conjunction with a cluster extent (k) threshold of k Ͼ 136 based on the actual smoothing level of the group-level data, as implemented by John Ashburner (SPM-compatible code available at http://www.sph. umich.edu/ϳnichols/JG2/CorrClusTh.m).
In addition to the above a priori ROIs used to measure the default network, regions within the hippocampal formation (HF: Ϫ24, Ϫ22, Ϫ20; 24, Ϫ20, Ϫ22) were also defined from the independent dataset as those correlated with the PCC seed region. These ROIs within the hippocampus were applied to the current dataset to extract time courses for correlation with the a priori ROI time courses to supplement the hypothesis-driven analyses described above.
Results
A high proportion of clinically normal older adults harbor amyloid burden comparable in extent and pattern to that observed in MCI and AD Amyloid burden within the 38 clinically normal older adults was compared with that in separate samples of 46 individuals (aged 60 -91) with MCI (defined as a CDR of 0.5 and subjective memory complaints not severe enough to be classified as dementia that are corroborated by a study partner, and essentially normal judgment, reasoning, and activities of daily living) and with 35 individuals (aged 59 -86) with mild to moderate AD (Fig. 1) . Amyloid levels were measured by PiB deposition in the FLR ROI, chosen because it captures the pattern of deposition commonly observed in AD patients (Gomperts et al., 2008; Johnson et al., 2007) . Although the mean FLR amyloid level in the clinically normal participants was significantly lower than that observed in both the MCI (t (82) ϭ 2.69, p Ͻ 0.01) and AD (t (71) ϭ 12.48, p Ͻ 0.001) groups, a substantial portion (18%) of the clinically normal participants exhibited amyloid levels that were within the range of the AD group (PiB DVR Ͼ1.25). When the a priori definition of high amyloid burden (PiB DVR Ն1.15, see Materials and Methods) was applied, 55% of the clinically normal older adults were classified as having high amyloid burden, compared with 67% of the MCI group and 100% of the AD group. Notably, the mean PiB DVR value of the high amyloid (PiBϩ) group was at the lower bound of the PiB DVR values exhibited by the AD group. The variance of PiB binding in the MCI group was especially high (s 2 ϭ 0.09) compared with the other two groups (NC: s 2 ϭ 0.02; AD: s 2 ϭ 0.04), suggesting that the cognitive symptoms observed in the MCI group may result from multiple etiologies.
Clinically normal older adults with and without amyloid burden show comparable neuropsychological test scores
On a range of neuropsychological and demographic variables (Table 1) the overarching finding was no significant differences between low amyloid (PiBϪ) and high amyloid (PiBϩ) individuals. The only significant result was on the verbal fluency measure (FAS), for which the PiBϩ group outperformed the PiBϪ group (t (36) ϭ 2.24, p Ͻ 0.05), but this result did not survive a correction for multiple comparisons (false discovery rate, p FDR Ͻ 0.027). Generally, the PiBϩ and PiBϪ groups performed qualitatively similar on these standard tests of neuropsychological performance, consistent with previous reports (Jack et al., 2008; Mormino et al., 2009 ).
The default network is disrupted in clinically normal older adults harboring amyloid burden
Using the a priori division of individuals into PiBϪ and PiBϩ groups (threshold of PiB DVR ϭ 1.15), we examined the relationship of amyloid burden to functional integrity of the default network (see Materials and Methods; supplemental Fig. A , available at www.jneurosci.org as supplemental material). The mean correlation across all pairs of a priori ROIs was taken as the measure of default network integrity (Fig. 2a) . Functional correlation within the default network was significantly reduced in the PiBϩ group (M ϭ 0.40, SD ϭ 0.16) compared with the PiBϪ group (M ϭ 0.63, SD ϭ 0.20), t (36) ϭ 3.93, p Ͻ 0.001, and remained significant when correcting for gray matter volume in all ROIs, t (36) ϭ 3.47, p Ͻ 0.005. Notably, this relationship was not dependent on the cut-point used to define the PiBϪ and PiBϩ groups, as treating PiB level as a continuous measure resulted in a significant correlation, r ϭ Ϫ0.40, p Ͻ 0.02, with the default network correlations reducing as PiB deposition increased (Fig. 2b) . This relationship remained significant when age and gray matter volume were partialled from the analysis, r p ϭ Ϫ0.35, p Ͻ 0.05. Furthermore, these results were not contingent on averaging all regional correlations, as each pair of regional correlations displayed a significant difference between the PiBϪ and PiBϩ groups (Fig. 3) . These individual ROI results were also not due to partial volume or atrophy effects, as an omnibus F test found that the PiBϪ and PiBϩ groups did not differ in the mean proportion of gray matter in any ROI, F (4,33) ϭ 1.02, p ϭ 0.41 (follow-up univariate tests revealed no individually significant ROIs), and the group difference in correlations between all ROI pairs remained significant when gray matter volume in the paired ROIs was covaried from the analysis (minimum corrected t (34) ϭ 2.74, p Ͻ 0.01). Finally, the relationship remained significant when partialling age and gray matter volume and applying the nonparametric Spearman's statistic (r s ϭ Ϫ0.49, p Ͻ 0.005) that does not make assumptions about the normality of the PiB distribution.
To test the network specificity of the detrimental influence of amyloid burden, we examined the correlation between left and right motor regions and also between left and right visual regions (see Materials and Methods; supplemental Fig. A, available at www.jneurosci.org as supplemental material). Correlations between the motor cortices (PiBϪ: M ϭ 0.54, SD ϭ 0.27; PiBϩ: M ϭ 0.51, SD ϭ 0.35, ns) and between the visual cortices (PiBϪ: M ϭ 0.59, SD ϭ 0.31; PiBϩ: M ϭ 0.56, SD ϭ 0.33, ns) were high and equivalent in both groups, indicating that the effect of amyloid burden does not generalize to all cortical regions.
Exploratory and whole-brain analyses reveal significant disruption of the default network including the hippocampal formation in clinically normal older adults harboring amyloid burden
We relied on an a priori definition of the default network and explicitly did not include the hippocampal formation (HF) because of concerns of low signal-to-noise in this region. However, because the HF is a component of the memory network that is linked to the default network (Greicius et al., 2004; Vincent et al., 2006; Kahn et al., 2008; Buckner et al., 2008) and is relevant to the possibility that amyloid burden may have early effects on memory systems even in clinically normal older adults, we examined the relationship of HF regions (supplemental Fig. A , available at www.jneurosci.org as supplemental material) with the a priori regions defining the default network.
A significant difference in the correlation between the HF and PCC was found between the PiBϪ (M ϭ 0.32, SD ϭ 0.17) and PiBϩ (M ϭ 0.09, SD ϭ 0.22) groups, t (36) ϭ 3.60, p Ͻ 0.001. However, no significant difference was observed for correlations between the HF and lateral parietal cortex (PiBϪ: M ϭ 0.21, SD ϭ 0.24; PiBϩ: M ϭ 0.09, SD ϭ 0.23, ns) or between the HF and medial prefrontal cortex (PiBϪ: M ϭ 0.25, SD ϭ 0.24; PiBϩ: M ϭ 0.23, SD ϭ 0.19, ns), which appeared to be at least partly due to the high variability of correlations involving the HF ROI (see also Andrews-Hanna et al., 2007) . These results did not change when covarying age and gray matter volume. If the HF ROI was included as a region in the computation of the mean correlation across the default network, results were similar to those reported above for the hypotheses-driven analyses, with a significant difference between the PiBϪ (M ϭ 0.44, SD ϭ 0.16) and PiBϩ (M ϭ 0.26, SD ϭ 0.12) groups, t (36) ϭ 3.93, p Ͻ 0.001, which remained significant when covarying age and gray matter volume, t (36) ϭ 3.46, p Ͻ 0.005. There was a significant correlation between PiB retention (treated as a continuous variable) and functional integrity within the default network, r ϭ Ϫ0.36, p Ͻ 0.05, although this correlation was similar in magnitude but now showed a trend for significance when partialling for age and gray matter volume, r p ϭ Ϫ0.33, p ϭ 0.06. Thus, had the HF been included in the a priori analysis, the results would remain qualitatively unchanged.
We further expanded our exploratory analyses to examine whole-brain correlation patterns. The purpose of this exploratory analysis was two-fold. First, it allowed an independent exploration of the effect of PiB deposition and, if our a priori hypotheses appropriately targeted relevant regions, the whole-brain exploration should converge with the hypothesis-driven analysis. Second, exploratory whole-brain analysis allowed identification of effects for future study. For this analysis, the PCC was used as a seed region, and the correlation with this seed region was computed for every voxel in each participant's brain. Second-level random effects analyses were conducted within the PiBϪ and PiBϩ groups, and the group differences between PiBϪ and PiBϩ individuals were examined (Fig. 4) .
The direct statistical comparison between the PiBϪ and PiBϩ groups is displayed in the right-most column of Figure 4 and shows significant differences for the medial prefrontal cortex (x ϭ Ϫ8, y ϭ 46, z ϭ Ϫ2, peak t statistic ϭ 3.64, cluster extent k ϭ 229), the right lateral parietal cortex (42, Ϫ60, 32, t ϭ 4.55, k ϭ 485), and bilateral regions of the HF (left: Ϫ20, Ϫ22, Ϫ22, t ϭ 5.05, k ϭ 149; right: 38, Ϫ12, Ϫ30, t ϭ 4.07, k ϭ 165). A region within the PCC (0, Ϫ60, 20, t ϭ 4.13, k ϭ 638) was also observed, but we do not assign interpretive importance to this result because of its proximity to the seed region. It is especially noteworthy that only regions associated within the default network and HF were above threshold in this exploratory comparison between PiBϪ and PiBϩ groups, reinforcing that the default network is functionally disrupted as a network including interactions across its multiple regions including those within the hippocampal formation.
Discussion
Clinically normal older adults harboring amyloid burden show disruption of functional connectivity that cannot be accounted for by increased age or structural atrophy. Decreases in spontaneous functional correlations among regions within the default network were observed using a priori defined regions in both group analyses and in analyses treating amyloid burden as a continuous measure. Whole-brain analyses further demonstrated decreased functional correlations with the hippocampal formation. Taken collectively, these results suggest the broad network comprising components of the default network linked to the hippocampal formation is disrupted in the preclinical phase of AD.
These results build on previous observations that the functional integrity of the default network is reduced in AD (Greicius et al., 2004) and MCI (Sorg et al., 2007) and further demonstrate that the presence of amyloid is sufficient to predict functional disruption before clinical symptoms emerge. Recent observations in clinically normal individuals (CDR 0) associate amyloid burden with whole-brain atrophy (Fotenos et al., 2008) , atrophy of the hippocampal formation (Mormino et al., 2009) , cortical thinning in default network regions (Dickerson et al., 2009) , and aberrant task-induced activity decreases within the posterior cingulate/precuneus ). The present results reveal that disruption associated with amyloid burden involves interactions between the widespread cortical regions that comprise the default network and the hippocampal formation.
Consistent with earlier reports (Aizenstein et al., 2008; Jack et al., 2008; Mormino et al., 2009 ) (but see Pike et al., 2007) , amyloid burden was not associated with detectable differences in neuropsychological test performance, suggesting that functional disruption can occur either absent cognitive impairment or with impairment so mild as to be below threshold on standard tests. One possibility is that compensatory processes can mitigate behavioral decline for a period of time when amyloid is present in the brain and associated with functional consequences.
There are multiple implications of the observation that amyloid burden is associated with functional differences in clinically normal individuals. First, consistent with models that place amyloid-␤ as an important protein product initiating or correlated with synaptic toxicity in AD (Mattson, 2004; Walsh and Selkoe, 2004) , the present results show the presence of amyloid deposition is correlated with physiological differences in normal older adults. The results are inconsistent with models that suggest amyloid-␤ is unrelated to dysfunction in AD, although the results do not directly speak to whether amyloid-␤ is causal to the toxic cascade. Second, the results suggest functional disruption in AD may be present years before the onset of clinical symptoms. Although the results do not yet include longitudinal follow-up to firmly establish that the observed disruption is prodromal AD, the observation that amyloid deposition is linked to mild forms of cortical dysfunction that are observed in MCI and AD (e.g., Greicius et al., 2004; Sorg et al., 2007) suggests that the effects may reflect an endophenotype of AD. Disruptions of functional connectivity, used in conjunction with other markers and in the presence of amyloid deposition or CSF markers of amyloid levels, may eventually allow the targeting of at-risk individuals for early diagnosis and interventional therapies.
Third, these results hold an important implication for the study of normal aging-namely, that a substantial fraction of clinically normal individuals harbor amyloid burden that is linked to functional disruption. Normal aging, independent of amyloid burden, is associated with nonspecific network disruption that includes but extends beyond the default network (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008) . Molecular markers of amyloid burden will be important to clarify the relationship between normal and pathological aging given the prevalence of amyloid burden in the clinically normal population.
Finally, the observation from our whole-brain analyses that network disruption includes the hippocampal formation and, specifically, its correlation with the posterior cingulate is consistent with the possibility that memory network failure may be an early consequence of amyloid burden. The default network consists of multiple distributed regions including the posterior cingulate cortex/retrosplenial cortex, the ventromedial prefrontal cortex, and the inferior lateral parietal cortex, and can be subdivided into at least two interacting subsystems-one involving the medial temporal lobe and the other involving the dorsomedial prefrontal cortex Greicius et al., 2009 ). Our exploratory whole-brain analyses indicate that the subsystem correlating with the hippocampal formation is disrupted. Future work will be required to determine whether the medial temporal lobe subsystem is preferentially associated with disruption in the earliest preclinical stages of AD or whether the broader network of cortical regions is affected earliest because of its high baseline metabolism and activity fluctuations (e.g., Buckner et al., 2005; . A possibility that will need to be considered is that functional correlations may be impacted by amyloid burden in remote regions if such regions modulate or interact with the correlated regions under investigation.
It remains to be determined whether the early effects of amyloid burden are associated with declines in cognitive capacities such as memory, which are defining symptoms of AD, and whether longitudinal studies will reveal a predictive effect of amyloid burden on eventual progression from normal cognitive status to MCI or AD. The detection of network disruptions among those clinically normal older adults with substantial amyloid burden indicates that amyloid does associate with a detrimental neurophysiological effect even before cognitive consequences are observed on standard neuropsychological tests. Further research is needed to definitively attribute a neuronal source to these network disruptions, as opposed to physiological influences on neurovascular coupling. Further exploration of cognitive performance on more sensitive tests of memory and also the exploration of mediating influences, such as cognitive reserve, may reveal cognitive correlates of the functional disruption observed here.
